Introduction {#s1}
============

Syndecans are a family of cell surface heparan sulfate proteoglycans (HSPGs) with an extracellular domain carrying glycosaminoglycan (GAG) side chains, a transmembrane domain and a short cytoplasmic domain [@pone.0048091-Bernfield1]. The syndecan family contains four members (syndecan 1--4); and there is a distinct pattern of syndecan expression and GAG modification that characterizes individual cell types and tissues. A number of studies have shown that syndecans play critical roles in cellular processes including differentiation, cell adhesion [@pone.0048091-Liu1], [@pone.0048091-Beauvais1], cytoskeletal organization, cell spreading and migration [@pone.0048091-Beauvais2], [@pone.0048091-Lee1], [@pone.0048091-Lee2], infiltration, angiogenesis [@pone.0048091-Purushothaman1], [@pone.0048091-Beauvais3] and proliferation of various malignant tumors [@pone.0048091-Beauvais3], [@pone.0048091-Elenius1], [@pone.0048091-Tumova1]. Syndecans exert these functions partly through their GAG chains, mainly heparan sulfate, but recent studies show that different domains of the core protein have distinct roles as well [@pone.0048091-Beauvais1], [@pone.0048091-Choi1]. Syndecan-1 is overexpressed in some tumor types, whereas suppressed in others [@pone.0048091-Fears1]. It is well known that the expression of syndecans is strictly regulated in a tissue dependent manner in many epithelial tumors, where syndecan-1 is the main syndecan. In mesenchymal tumors its expression level is generally low, hence only few studies have addressed syndecan-1's role and regulation in these tumors [@pone.0048091-Zong1], [@pone.0048091-Zong2].

The mesothelium is a mesenchymal tissue with an inherited ability to differentiate across the epithelial-mesenchymal axis. This ability to transdifferentiate is also preserved in malignant mesothelioma which can arise in this tissue as a consequence of asbestos exposure [@pone.0048091-Yang1]. The differentiation of these aggressive tumors involves syndecans [@pone.0048091-Dobra1], and particularly syndecan**-**1 [@pone.0048091-KumarSingh1], which modulates a number of growth-factor -- growth-factor receptor interactions, thus acting as a signaling co-receptor [@pone.0048091-Tumova1]. We have previously shown that overexpression of syndecan-1 in malignant mesothelioma correlates with epithelioid differentiation and inhibition of tumor growth [@pone.0048091-Zong1] and migration [@pone.0048091-Zong2]. Furthermore, the presence of syndecan-1 implies a better prognosis of malignant mesothelioma [@pone.0048091-KumarSingh1]. Our previous studies also suggest that the ratio between syndecan-1 and syndecan-2 may distinguish a primary malignant mesothelioma from a metastatic adenocarcinoma [@pone.0048091-Dobra1], [@pone.0048091-Gulyas1]. This implies complex regulatory mechanisms, which are tissue and/or tumor type-specific, and at least partly dependent upon the tumor's interplay with the surrounding matrix.

The objective of this study is to reveal genes and pathways influenced by syndecan-1 in malignant pleural mesothelioma for a better understanding of its importance for the malignant behavior of this mesenchymal tumor. For this purpose we modulated syndecan-1 expression in a human malignant mesothelioma cell line and performed microarray analysis to investigate the effects of syndecan-1 overexpression and silencing on general transcriptional level. Our previous data show that overexpression of syndecan-1 inhibits proliferation of malignant mesothelioma; in this paper we also investigated the effect of syndecan-1 silencing on the proliferation rate and cell cycle distribution of these cells. In particular, we aim to characterize the molecular events underlying the growth modulatory effect of syndecan-1 and to identify critical factors and pathways dependent on syndecan-1, focusing on cell-cycle regulation and features related to proliferation. While analyzing the global transcriptome response, it is crucial to see both comprehensive changes and pivotal functional mechanisms behind them. To this end, we described the transcription profiles of individual genes in three different ways, using: 1) the conventional Gene Set Enrichment Analysis (GSEA [@pone.0048091-Abatangelo1]) based on Gene Ontology(GO) categories, and two network-based methods: 2) Ingenuity Pathway Analyzer (IPA, Ingenuity® Systems, [www.ingenuity.com](http://www.ingenuity.com)), which performs GSEA on network modules of differentially expressed (DE) genes and 3) a novel method of network enrichment analysis (NEA, [@pone.0048091-Alexeyenko1]) that finds pathway relations of DE genes irrespective of the network modularity and does not depend on their pathway annotations.

Generally for functional analyses of novel gene sets (altered gene sets, AGS), they are matched to different gene groups with previously known functional attributes (functional gene sets, FGS). In the conventional GSEA, the information is summarized by finding over-representation of certain FGSs in the list of AGS genes. This approach is simple and convincing, although entirely ignores functional relations between AGS genes themselves and between AGS and outside pathways. Hence, it is desirable to go beyond a simple overlap between AGS and members of FGS. For this purpose, IPA attempts to identify differentially expressed genes grouped in compact modules in the network. However, DE genes not necessarily group like this. In contrast to other network methods, the NEA does not expect any ready modules in the network and considers functional links between *any* genes of AGS and FGS in the whole gene interaction network. In other words, it uses available network links scattered over the network to test enrichment hypotheses of functional associations between an experimentally defined gene set and known pathways and biological processes. Hence, NEA acts in the most straightforward and robust GSEA-like manner with the difference that, unlike conventional GSEA, it employs DE genes which are not necessarily members of any already known functional category; but they are connected to such members in the network. Due to the availability of gene network links to nearly every gene, the sensitivity of the method exceeds that of GSEA around 5--10 fold [@pone.0048091-Alexeyenko1].

In the following, we systematically apply the GSEA, IPA, and NEA to our research problem. By combining these methods we highlight the most crucial biological processes controlled by syndecan-1 in malignant mesothelioma.

Materials and Methods {#s2}
=====================

Cell Culture Conditions {#s2a}
-----------------------

Human malignant mesothelioma cells (STAV-AB) were grown in RPMI 1640 medium supplemented with 10% human AB serum, 1% L-Glutamine and 25 mM HEPES buffer under standardized incubation conditions, in humidified atmosphere containing 5% (v/v) CO~2~ at 37°C. The cells display epithelioid morphology and express low endogenous syndecan-1 [@pone.0048091-Dobra1].

Syndecan-1 Overexpression {#s2b}
-------------------------

Syndecan-1 was stably overexpressed by transfection with a pEGFP-N1 plasmid carrying the human full-length syndecan-1 gene. Transfection was performed using Effectene Transfection Reagent (Qiagen GmbH, Hilden, Germany). The plasmid and subsequent stable transfection of STAV-AB cells have previously been described in detail by us in a recent publication [@pone.0048091-Zong1]. Cells transfected with the pEGFP-N1 vector were used as negative control.

Syndecan-1 Silencing {#s2c}
--------------------

Three hundred thousand STAV-AB cells/well were seeded and after one day transfected using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA). Three siRNA constructs specific for syndecan-1 were used (Ambion®, Inc. Stockholm, Sweden) ([Table S1](#pone.0048091.s003){ref-type="supplementary-material"}) with an optimized concentration of 40 nM. Scrambled siRNA, with no target mRNA, was used as negative control. Syndecan-1 specific siRNA or scrambled control siRNA and lipofectamine were diluted in antibiotics- and serum- free medium according to the manufacturer's instructions and incubated for 25 minutes. The different mediums containing the siRNA-lipofectamine complexes were then added separately to the cells and incubated at 37°C and 5% CO~2~. After 24 or 48 hours the samples were harvested and RNA was extracted. Experiments were performed in triplicates or more.

RNA Isolation {#s2d}
-------------

Total RNA was isolated from sub-confluent cells, using the High Pure RNA Isolation Kit (Roche, Mannheim, Germany) according to the manufacturer's protocol. The yield and purity of the RNA were determined spectrophotometrically by measuring the UV absorbances at 260 and 280 nm with a NanoDrop spectrophotometer (NanoDrop Technologies Inc.).

Validation {#s2e}
----------

### a. Quantitative real time polymerase chain reaction (RT-PCR) {#s2e1}

Verification of the syndecan-1 overexpression and silencing, as well as validation of the Affimetryx results, were done by quantitative RT-PCR. cDNA synthesis was performed by reverse transcription of 2 µg RNA using First Strand cDNA Synthesis Kit (Amersham Pharmacia Biotech., Little Chalfont, Buckinghamshire, England). RT-PCR was performed with the Platinum® SybrGreen qPCR SuperMix-UDG kit (Invitrogen®) using DNA-polymerase with a set of sense/antisense primers (CyberGene AB, Sweden) for all target genes (see [Table S2](#pone.0048091.s004){ref-type="supplementary-material"}). The primers were designed by us, using gene sequences from GeneBank (NCBI) with exception of syndecan-1 [@pone.0048091-Ridley1] and GAPDH [@pone.0048091-Takada1]. All reactions were performed in triplicate, using a total volume of 10 µL/well, with primer concentration of 200 nM, in an iCycler machine (CFX96™ Real Time PCR Detection System, BioRAD Hercules, CA, USA). Analysis was done with Bio-Rad CFX Manager Software 2.0 (BioRad Laboratories 2008). The quantity of each target was normalized to GAPDH as reference gene and to the corresponding controls (vector for syndecan-1 overexpression and scrambled siRNA for syndecan-1 silencing), respectively. Normalization was done by delta delta Ct method, by first determining ΔCt as average Ct~target_gene~-average Ct~GAPDH~, then ΔΔCt as ΔCt~sample~-ΔCt~control~. Relative expression was calculated as 2^−ΔΔCt^; fold-change was represented by relative expression if \>1 and -1/relative expression if \<1. Data were presented as mean values of at least three independent experiments.

### b. Flow cytometry {#s2e2}

Flow cytometry was performed for confirmation of syndecan-1 modulation on protein level. Cells modulated for syndecan-1 or their respective controls (vector for overexpression and scrambled control for silencing) were detached using 5 mM EDTA in phosphate-buffered saline (PBS) and were fixed in 1% formaldehyde. Cells were permeabilised with 0.1% saponin and 1% BSA in PBS for 10 min. Cells were stained with PE-conjugated specific antibody against syndecan-1 (CD138, clone B-A38, Ref. no. IQP-153R, IQ® PRODUCTS, Groningen, The Netherlands) for 15 minutes in dark. The corresponding isotype IgG1 control (Ref. no. IQP-191R, IQ® PRODUCTS) was used as a negative control. FACS analysis was performed using FACS Calibur Cytometer (Becton Dickinson, San Jose, CA, USA). Results were analyzed with Cell Quest Pro software. Three independent experiments were performed, analyzing at least 10,000 cells for each sample.

### c. Proteome profiler arrays {#s2e3}

In order to validate changes caused by syndecan-1 overexpression at protein level, Proteome Profiler Antibody Array (R&D Systems, Inc.) was used. Supernatants from cells overexpressing syndecan-1 and corresponding vector control were collected by centrifugation (400 G, 5 minutes) and the volume was normalized to the cell number. The relative expression of proteins of interest was determined in each sample according to the manufacturer's instruction. Briefly, nitrocellulose membranes spotted with primary antibodies against 55 proteins were blocked and supernatants, mixed with a cocktail of biotinylated detection antibodies, were added to the membranes and incubated overnight at 4°C. Streptavidin-horseradish peroxidase (HRP) was then added to the membranes and incubated for 30 minutes before chemiluminescence detection reagents were added in equal volumes for approximately. 1 minute. Dot blots were registered with CCD camera (FluorChem™ SP, Alpha Innotech, USA). The average pixel density of duplicate spots on the membrane was determined using ImageJ software (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, <http://rsb.info.nih.gov/ij/>, 1997--2008). After background subtraction the relative amounts of individual proteins were calculated.

Functional Assays {#s2f}
-----------------

### a. Cell proliferation {#s2f1}

Syndecan-1 was silenced using 3\*10^5^ cells, as described above. Second day silenced cells or scrambled controls were harvested and equal volumes were reseeded in 96 well plates. Cell proliferation was assessed by Cell Proliferation Reagent WST-1 (Roche Diagnostics Scandinavia AB, Bromma, Sweden) at 0, 24, 48 and 72 hours after silencing, according to the manufacturer's instruction. Briefly, cells were incubated with 1/10 (v/v) WST1 reagent for 3 hours at 37°C. Samples were analyzed using a Spectramax spectrophotometer at 450 nm with background subtraction at 630 nm. Cell numbers were obtained by interpolating absorbance values with a standard curve. The 72 hours absorbance values were not used for the analysis as they were saturated. Three independent experiments were performed, each containing quadruplicates. To determine statistical significance a two**-way ANOVA with Bonferroni's posttest was performed, using GraphPad Prism software.** Doubling time was calculated from the logarithmic phase of the growth curve (Roth V. 2006 <http://www.doubling-time.com/compute.php>).

### b. Analysis of cell cycle distributions {#s2f2}

Twenty-four and forty-eight hours after syndecan-1 silencing, cells silenced for syndecan-1 or cells transfected with scrambled control siRNA were harvested using 5 mM EDTA and fixed overnight in cold ethanol. Cells were stained using propidium iodide (PI)/RNase solution (PI concentration at 50 µg/mL and RNase concentration at 100 µg/mL) and incubated for 30 min in 37°C in dark. Cell cycle analysis was performed by measuring the amount of incorporated PI reflecting the DNA content of the cells, using FACS Calibur Cytometer and CELLQuest Pro software. Three independent experiments were performed, gating 20,000 cells in each sample.

### c. Apoptosis assay {#s2f3}

Cells silenced for syndecan-1 and scrambled controls were stained at 24 and 48 hours after syndecan-1 silencing with Annexin-V-FITC and Propidium iodide (PI), using Annexin-V-FITC apoptosis detection kit (BD Biosciences, San Diego, CA) according to the manufacturer's instructions. Briefly, cells were washed with cold PBS and resuspended in binding buffer in concentration of 10^6^ cells/mL. 5 µl of both Annexin V-FITC and PI were added to 10^5^ cells and incubated for 15 min at room temperature in dark. 400 µl of binding buffer was added to cells and analyzed by FACS Calibur Cytometer. Data from 10,000 events in each sample were collected and data was analyzed using CELLQuest Pro software. Three independent experiments were performed.

Statistical Analysis {#s2g}
--------------------

Statistical analysis was performed using GraphPad Prism version 5.02 for Windows, (GraphPad Software, San Diego California USA, [www.graphpad.com](http://www.graphpad.com)). Unless otherwise stated, the difference between the mean values of cells modified for syndecan-1 and control cells were analyzed using two tailed student's t-test. Statistical significance (\*) was considered at p\<0.05. Standard deviation (SD) is represented as errors bars on figures or as numerical values in text or tables.

Microarray Analysis {#s2h}
-------------------

We analyzed the individual transcriptome of STAV-AB mesothelioma cells with overexpressed and silenced syndecan-1 compared to their corresponding controls. Microarray analysis was performed using the GeneChip® Human Gene 1.0 ST Array (Affymetrix Inc., Santa Clara, CA, USA) that offers whole-transcript coverage. Each of the 28,869 genes was represented on the array with around 26 probes spread along the full length of the gene, providing a complete and accurate coverage of gene expression. Background was estimated using a set of approximately 20,000 generic background probes. Standard poly-A controls and hybridization controls were also represented on the array to allow troubleshooting along the entire experimental process. Target synthesis and hybridization was performed in the Affymetrix core facility (Novum, Karolinska Institutet, Stockholm, Sweden). The raw data has been deposited in the MIAME compliant database Gene Expression Omnibus (accession numbers GSE21401 and GSE37843). The image analysis and data pre-processing was performed by Affymetrix Gene Chip Command Console: background correction was done with PM-GCBG method (subtracting a GC-content specific background), data were normalized with Global Median method and raw intensity values were summarized with PLIER (Probe Logarithmic Intensity Error). After the diffrential expression analysis probeset IDs were converted to HUPO gene symbols, which we used throughout the analysis to denote the genes.

Differential Gene Expression {#s2i}
----------------------------

Differential gene expression (DE) values were determined by OCplus package within R software [@pone.0048091-Pawitan1]. To account for biological variability between the three cell isolates, OCplus analyses were done on triplicates with paired t-test. Within the same package, multiple testing correction converted p-values (the probability of a non-DE gene to appear as DE in the statistical test) to false discovery rates (q-values, the probability of the statistical finding for the given gene to be genuinely false) ([Figure S1](#pone.0048091.s001){ref-type="supplementary-material"}). Differentially expressed genes were ranked by fold-change relating a syndecan-1 modulated sample to its corresponding control. A fold change (FC, i. e. the ratio of expression values between a syndecan-1 modulation and respective control) cut-off of \<−1.5 or \>1.5-- and a q-value of \<0.05 was set to define a transcript as significantly up- or downregulated.

Molecular Pathway Analysis {#s2j}
--------------------------

Molecular pathway analysis was performed to reveal possible involvement of genes with specific biological functions following both syndecan-1 overexpression and silencing. This allows the investigation of functional relations between differentially expressed genes, especially when summarizing small changes in many related genes.

### a. Ingenuity pathway analysis (IPA) {#s2j1}

A dataset containing gene identifiers and corresponding expression values were uploaded to the Ingenuity Pathway Analysis software (IPA, Ingenuity® Systems, [www.ingenuity.com](http://www.ingenuity.com)). The above defined cut-off of fold-change and q-values were used to identify transcripts as significantly up/downregulated. The transcripts generated by this approach (Network Eligible Transcripts) were overlaid in the Ingenuity Knowledge Database and networks were algorithmically generated, based on their connectivity. The Ingenuity Knowledge Database was created from manually curated literature searches and peer-reviewed for accuracy by subject matter experts. Specific data on the number of molecules and interactions is not reported [@pone.0048091-Thomas1]. Molecules from the dataset that met the above mentioned cutoff criteria and were associated with biological functions and/or diseases in the Ingenuity Knowledge Database were considered for the analysis. The Functional Analysis identified significantly affected functions and pathways. To further investigate specific networks with a role in cell proliferation and cell cycle regulation, the groups of genes identified by IPA as related to these functional groups ("cell growth and proliferation" and "cell cycle") were uploaded separately into the Ingenuity Network Explorer and network linkages were identified based on published literature in the Ingenuity Knowledge Database.

### b. Network enrichment analysis (NEA) {#s2j2}

Network enrichment defines statistically over-represented functional gene sets (most often pathways or gene ontology categories) in the list of an altered gene set from a microarray experiment. The idea of network enrichment analysis (NEA) is similar to that of gene set enrichment analysis (GSEA) [@pone.0048091-Berriz1]. The difference is that in NEA relations of differentially expressed genes to functional groups are established in the gene network. Practically, with NEA we quantified the over/under representation of the functional group members among the neighbors in the gene network rather than in the altered gene set (AGS) itself. Hence, the differentially expressed genes (members of AGS) are taken in consideration regardless if they belong or not to already known functional categories.

*Altered gene sets* (AGS) were constructed from lists of differentially expressed genes considering each comparison \["full length syndecan-1" vs. "empty vector" (FL2E) and "silenced syndecan-1" vs. "scrambled control" (SI2NS)\] were generated (based on their q-values). Each comparison resulted in two alternative lists: top 100 and top 900 most significantly altered genes.

*Functional gene sets* (FGS) were constructed to characterize altered gene sets by their involvement in known biological processes. For this, we collected lists of genes, members of known pathways and other gene groups of importance in the context of cancer. We used 1,641 functional gene sets derived from the following sources: (i) 9 categories that are closest to the "hallmarks of cancer" [@pone.0048091-Hanahan1], [@pone.0048091-Hanahan2] were defined as either closest GO terms or gene sets related to known functions of syndecan-1; (ii) all KEGG pathways [@pone.0048091-Kanehisa1] present in human (as of 21^th^ of April 2010), including 9 cancer pathways; and (iii) gene sets provided as curated gene sets "C2" for gene set enrichment analysis at <http://www.broadinstitute.org/gsea/msigdb/genesets.jsp>.

To achieve maximal coverage and sensitivity of the analysis, we obtained a *network* for the enrichment analysis by merging the FunCoup network of functional coupling [@pone.0048091-Alexeyenko2] and known links from the curated databases (KEGG pathways [@pone.0048091-Kanehisa1] and CORUM database of protein complexes [@pone.0048091-Ruepp1]), which resulted in a union network of 1,484,166 functional links between 16,302 distinct HUPO gene symbols.

*Network enrichment* was estimated by using NEA Z-scores. The standard Z-score for the biological network connectivity between genes of a novel list *A* and genes of a known functional group *F* was computed from the observed and expected link counts and their standard deviation: ~.~

Obtaining values for expected (mean) number and standard deviation would be affected by different node degree compositions in particular gene sets. To make the analysis unbiased, a network randomization procedure systematically re-wired network nodes, i.e. randomly swapped edges between two nodes at a time, preserving node degrees and the total number of edges in the network. Hence, the expected mean (counted in the same way as the value of *n~AF~*) and standard deviation were learned after a sufficient number (50) of random network permutations. Under true null, i.e. in absence of any functional linkages between gene groups, the z-scores were distributed almost normally. Hence, *Z* could be converted to specific NEA p-values (the probability of an irrelevant FGS to appear as related to AGS in the network enrichment analysis) and to false discovery rates (FDR, the probability of the FGS detected as related to AGS to be genuinely irrelevant, i.e. false finding) by standard procedures. The null hypothesis could, however, be rejected when e.g. either one of the two gene sets was small (\<5 genes). We thus used the raw Z for ranking results and roughly establishing significance (FDR) thresholds via gene permutation sets, i.e. by recording how frequently randomly compiled gene sets of matched size and individual gene connectivity reached the z-score level.

Results {#s3}
=======

Effect of Syndecan-1 Silencing on Cell Proliferation and Cell Cycle Distribution {#s3a}
--------------------------------------------------------------------------------

Cell proliferation significantly decreased in cells with silenced syndecan-1. This effect was seen 24 hours after transfection (25% of the control) and it was further accentuated at 48 hours (40% of the control) ([Figure 1A](#pone-0048091-g001){ref-type="fig"}). Doubling time increased correspondingly from 21.6 hours to 27.9 hours in the syndecan-1 silenced cells compared to the scrambled control ([Figure 1B](#pone-0048091-g001){ref-type="fig"}). The cell cycle analysis showed that due to syndecan-1 silencing the amount of G2/M cells was significantly reduced after 24 hours, while an increased number of cells were seen in G0/G1 phase in cells silenced for syndecan-1, compared to scrambled control ([Figure 1C](#pone-0048091-g001){ref-type="fig"}). No significant difference was detected in the rate of apoptotic cells in the syndecan-1 silenced cells compared to the scrambled siRNA control ([Figure 1D](#pone-0048091-g001){ref-type="fig"}, [Table S3](#pone.0048091.s005){ref-type="supplementary-material"}).

![Effect of syndecan-1 silencing on cell growth (A) doubling time (B), cell-cycle distribution (C) and apoptosis (D).\
(**A**) Proliferation of cells silenced for syndecan-1 and corresponding scrambled control was measured using WST1 proliferation assay. Values are mean of cell number ± SD (n = 3), obtained from three independent experiments with 4 replicates in each. (**B**) Doubling time was calculated from the logarithmic phase of the growth curve. Silencing of syndecan-1 significantly decreased proliferation of mesothelioma cells (\*p\<0.05, \*\*\*p\<0.001). (**C**) Cell cycle analysis was performed by propidium iodide staining followed by flow cytometry, 24 and 48 hours after silencing. Columns represents mean percentage of cells in each phase of the cell cycle ± SD (n = 3) (**D**) Apoptosis was measured by flow cytometry using Annexin-V-FITC and Propidium iodide (PI) staining. Cells silenced for syndecan-1 and scrambled controls were stained with PI and Annexin-V, 24 and 48 hours after syndecan-1 silencing. Three independent experiments were performed. Representative Annexin V/PI plots are shown where X axis shows the log of fluorescence intensity of Annexin-V and Y axis demonstrate the log of fluorescence intensity of PI. Cells in the lower left quadrant represent living cells, in the lower right quadrant early apoptotic cells; the upper right and left quadrant show late apoptotic and necrotic cells, respectively. No significant change in apoptosis was recorded. Asterisks indicate statistically significant differences compared to the scrambled control (\* p≤0.05, \*\* p≤0.01, \*\*\* p≤0.001). A two-tailed t test was performed to test the statistical significance between cells silenced for syndecan-1 and scrambled control. SD = standard deviation.](pone.0048091.g001){#pone-0048091-g001}

Gene Expression Profiling {#s3b}
-------------------------

With a cut-off value of 2 fold change (FC) expression of 1,124 genes was significantly altered in case of syndecan-1 overexpression, whereas only 21 genes were differentially expressed due to syndecan-1 silencing. Thus overexpression of syndecan-1 had a larger effect compared to silencing. With a lower FC cut-off (1.5), we found 2,389 differentially expressed genes in syndecan-1 overexpressed and 103 in silenced cells, respectively. Fourteen genes were concordantly altered by both syndecan-1 overexpression and silencing. ETS-1, TNSF-18, CLIP-4 and FBLN5 were altered in the same direction with syndecan-1 modulation. Interestingly, several proteins were regulated in the same direction regardless of syndecan-1 modulation (see [Table 1](#pone-0048091-t001){ref-type="table"}).

10.1371/journal.pone.0048091.t001

###### Genes affected by both syndecan-1 overexpression and silencing.

![](pone.0048091.t001){#pone-0048091-t001-1}

  Gene                                                  Gene name                                          FC~overexp~   FC~silenced~
  ------------- ----------------------------------------------------------------------------------------- ------------- --------------
  **LRRC7**                                 leucine rich repeat containing 7                                **−32.3**      **1.6**
  **WDR54**                                        WD repeat domain 54                                      **−1.9**       **1.5**
  **ETS1**                     v-ets erythroblastosis virus E26 oncogene homolog 1 (avian)                   **3.9**       **−1.5**
  **TNFSF18**                      tumor necrosis factor (ligand) superfam. member 18                        **3.9**       **−1.6**
  **CLIP4**                     CAP-GLY-domain-containing linker protein family, member 4                    **2.3**       **−1.5**
  **FBLN5**                                             fibulin 5                                            **1.5**       **−3.4**
  **TLN1**                                               talin 1                                             **1.8**       **1.9**
  **GJA5**                                gap junction protein, alpha 5, 40 kDa                              **2.0**       **1.8**
  **TNXB**                                             tenascin XB                                           **7.1**       **1.6**
  **ALCAM**                            activated leukocyte cell adhesion molecule                            **1.7**       **1.6**
  **NTSR1**                              neurotensin receptor 1 (high affinity)                              **1.7**       **1.5**
  **NUP62CL**                              nucleoporin 62 kDa C-terminal like                               **−1.7**       **−1.5**
  **EPYC**                                              epiphycan                                           **−9.0**       **−1.6**
  **SMARCD3**    SWI/SN-rel, matrix-assoc, actin dependent regulator of chromatin, subfamily d, member 3    **−4.1**       **−1.6**

FC~overexp~ represents fold changes for expression levels following syndecan-1 upregulation compared to vector transfected control cells. FC~silenced~ represents fold changes after silencing of syndecan-1 compared to control cells treated with negative/scrambled siRNA. All gene changes are significant at q≤0.05. Fold changes and q-values were calculated using OCplus package in R.

Most Differentially Expressed Genes {#s3c}
-----------------------------------

In the syndecan-1 overexpressing cells, the most downregulated genes were functionally heterogeneous. Sulfotransferases and sulfatase1 (SULF1) are genes with role in glycosaminoglycan synthesis and modification, while inhibin A (INHBA) and transforming growth factor-beta 2 (TGFβ2) are cytokines of the TGFβ family. There were also genes involved in adhesion such as densin (LRRC7), desmoplakin (DSP), mucin (MUC16), fibronectin (FN) and nephronectin (NPNT). Among the most upregulated genes we found interleukins and their receptors (IL33, IL8, IL6, IL6R, IL1R1 etc), the intracellular proteoglycan serglycin (SRGN) and alpha-2-macroglobulin (A2M), all with important roles in inflammatory reactions. This group also included the metastasis suppressing protein (MTSS) and neuropilin-2 (NRP2). Neuropilin is a protein earlier associated with cancer progression [@pone.0048091-Staton1] and shown to be upregulated in mesotheliomas [@pone.0048091-Pompeo1] ([Table 2](#pone-0048091-t002){ref-type="table"}). In the cells silenced for syndecan-1, the extent of gene expression modification was more modest. The largest changes included fibulin5 (FBLN5), an extracellular matrix protein antagonistic to fibronectin and affecting proliferation. Other substantially deregulated genes were the leucine-rich-repeat interacting protein (LRRFIP1), which regulates a number of growth factors; the MAPK family DUSP19 and several RNA binding motif proteins ([Table 2](#pone-0048091-t002){ref-type="table"}). There were many transcripts represented without a protein annotation or gene symbol, such as genes encoding for hypothetical proteins whose functions are not yet known.

10.1371/journal.pone.0048091.t002

###### Top-ranked list of most down- and upregulated genes following syndecan-1 overexpression and silencing.

![](pone.0048091.t002){#pone-0048091-t002-2}

  Gene                                                          Gene name                                  FC
  --------------------------------- ------------------------------------------------------------------ -----------
  ***Syndecan-1 overexpression***                                                                      
  **IL33**                                                    interleukin 33                            **277.0**
  **A2M**                                                 alpha-2-macroglobulin                           199.2
  **IL6**                                           interleukin 6 (interferon, beta 2)                    76.3
  **SRGN**                                                      serglycin                                 52.9
  **MTSS1**                                              metastasis suppressor 1                          18.3
  **NRP2**                                                     neuropilin 2                               18.0
  **PDGFRA**                                  platelet-derived growth factor receptor, alpha              11.13
  **IL8**                                                     interleukin 8                               10.0
  **IL1R1**                                           interleukin 1 receptor, type I                       9.8
  **RARRES**                                        retinoic acid receptor responder 1                     9.2
  **FN1**                                                     fibronectin 1                               −9.1
  **GPC6**                                                      glypican 6                                −9.3
  **MUC16**                                         mucin 16, cell surface associated                     −9.4
  **TRIM29**                                          tripartite motif-containing 29                      −9.7
  **TGFB2**                                         transforming growth factor, beta 2                    −13.1
  **DSP**                                                      desmoplakin                                −13,4
  **LUM**                                                        lumican                                  −16,5
  **TUBA1A**                                                tubulin, alpha 1a                             −24.6
  **ADAMTS5**                                 ADAM metallopeptidase motif, 5 (aggrecanase-2)              −26.8
  **LRRC7**                                          leucine rich repeat containing 7                     −32.3
  **SLAMF7**                                               SLAM family member 7                           −49.0
  **SULF1**                                                    sulfatase 1                                −52.3
  **INHBA**                                                  inhibin, beta A                              −59.4
  **NPNT**                                                     nephronectin                              −132.6
  **SULT1B1**                                sulfotransferase family, cytosolic,1B, member 1             −179.3
  **SULT1E1**                           sulfotransferase family 1E, estrogen-preferring, member 1        −307.6
  ***Syndecan-1 silencing***                                                                           
  **LOC646891(SDCCAG3)**                  similar to serologically defined colon cancer antig. 3           3.6
  **SUSD3**                                              sushi domain containing                           2.7
  **PCDHB17**                                        protocadherin beta 17 pseudogene                      2.5
  **MARCH11**                                   membrane-associated ring finger (C3HC4) 11                 2.4
  **FABP2**                                      fatty acid binding protein 2, intestinal                  2.2
  **INSL5**                                                   insulin-like 5                              −2.0
  **DUSP19**                                         dual specificity phosphatase 19                      −2.2
  **TMEM100**                                           transmembrane protein 100                         −2.3
  **TTC32**                                         tetratricopeptide repeat domain 32                    −2.5
  **UGT2B4**                                UDP glucuronosyltransferase 2 family, polypepti B4            −2.5
  **LRRFIP1**                              leucine rich repeat (in FLII) interacting protein 1            −2,7
  **FBLN5**                                                     fibulin 5                                 −3.4
  **CYP4Z2P**                        cytochrome P450, family 4, subfamily Z, polypeptide 2 pseudogene     −4.1

FC represents fold changes at q≤0.05 of a gene following syndecan-1 modulation compared to cells transfected with the corresponding vector control.

To show the differentially expressed genes which might be direct binding partners of syndecan-1 according to the currently available literature data, a global network of functional coupling (FunCoup), merged for higher coverage with curated resources KEGG and CORUM was used. The resulting network associates syndecan-1 expression with several cellular, but mostly extracellular compounds such as collagens, tenascin, fibronectin, VEGFA, IL8, syndecan-binding protein, etc. ([Figure 2](#pone-0048091-g002){ref-type="fig"}). Thus, the list of differentially expressed genes show several interesting patterns that either relate to previous knowledge or could motivate further investigation. However, a systematic approach was needed (i) to allow functional generalization; (ii) to convey confidence of observations; (iii) to help interpretation of differential expression of un-annotated genes. Such outcome is commonly provided by methods of gene set enrichment and network analysis.

![Most highly altered genes and their functional coupling to syndecan-1 according to the FunCoup network.\
The network view and layout was generated using the interface of FunCoup web site <http://funcoup.sbc.su.se/>. Red filled symbols denote genes in top 100 differentially expressed lists; pink symbols denote genes in top 900 differentially expressed lists. Blue filled symbols indicate other interactors of syndecan-1 in the analyzed network, beyond differentially expressed lists. Crosses correspond to genes with reported somatic point mutations by The Cancer Genome Atlas dataset (TCGA, 2008) [@pone.0048091-Hudson1]. Interactions are shown by lines: red lines = physical protein−protein interactions; blue lines = links established via co-expression in multiple datasets; green lines = links from KEGG pathways.](pone.0048091.g002){#pone-0048091-g002}

Validation of Microarray Data on RNA and Protein Level {#s3d}
------------------------------------------------------

The extent of syndecan-1 silencing was measured 24 hours after transfection and it corresponded to a 90--95% knockdown of the target mRNA and 43% knockdown of the protein compared to the scrambled control ([Figure 3A](#pone-0048091-g003){ref-type="fig"}). Syndecan-1 overexpression resulted in a 7 fold increase of mRNA level, and 2.5 fold increase of protein level, respectively [@pone.0048091-Zong2].

![Validation of syndecan-1 silencing (A) and microarray data (B--D).\
(**A**) Succesful silencing of syndecan-1 was confirmed by RT-PCR and flow cytometry. The level of syndecan-1 mRNA (left column) and protein (right column) after silencing compared to cells treated with negative/scrambled control, 24 hours after silencing. The silencing is highly significant (p\<0.0001 for mRNA and p\<0.01 for protein ) as calculated by a one-sided t-test (n = 3). Selected transcripts deregulated in microarray were analyzed by RT-PCR for syndecan-1 overexpression (**B**) and silencing (**C**) and/or by proteome profile array (**D**) for syndecan-1 overexpression. mRNA or protein level of cells with modulated syndecan-1 was compared to their specific control (vector for overexpressed and negative-scrambled for silenced). Results are given in fold changes (FC). Light gray columns represent the values obtained by microarray, dark gray columns correspond to the results from RT-PCR or from proteome profiler array. Each value represents an average of fold-changes of three independent experiments, error bars represent standard deviation (SD); statistically significant changes: \*p\<0.05, \*\* p\<0.01, \*\*\*\* p\<0.0001 for differential expression of transcripts in syndecan-1 modulated cells compared to the corresponding controls.](pone.0048091.g003){#pone-0048091-g003}

For validation of microarray data, a sub-set of differentially expressed genes were selected corresponding to the highest FC and those which were DE in both silenced and overexpressed samples. The direction of changes in gene expression was concordant with the microarray data ([Figure 3B--3C](#pone-0048091-g003){ref-type="fig"}), although the obtained values differed in some cases from the array data, in line with previously reported microarray studies [@pone.0048091-Morey1]. Significantly altered genes correspond to SULT1EI, INHBA, SULF1, LUM, TGFB2, SRGN, COL-XVIII, endothelin and ETS-1. Expression of selected genes was further validated on protein level. Seven out of 11 proteins showed concordant changes with the microarray analysis ([Figure 3D](#pone-0048091-g003){ref-type="fig"}).

Functional Characterization of Genes Influenced by Syndecan-1 Overexpression {#s3e}
----------------------------------------------------------------------------

The differentially expressed genes in syndecan-1 overexpressing cells were placed into functional categories according to their biological functions using Gene Ontology (GO) terms. The most frequently altered categories corresponded to cell adhesion with 151 genes, followed by proliferation (125 genes), motility (70 genes) and cell migration (33 genes) ([Figure 4](#pone-0048091-g004){ref-type="fig"}). A number of cytokines were differentially expressed, comprising several chemokines (CXCL1, CXCL16, CCL2 and CCL19), which were all upregulated. Seven out of 51 interleukins and five out of 41 interleukin receptors were upregulated and none of them were downregulated. Furthermore, IL33, IL6 and IL8 were more than 10 fold enhanced ([Table S4](#pone.0048091.s006){ref-type="supplementary-material"}).

![Differentially expressed genes following syndecan-1 overexpression grouped by functional categories according to Gene Ontology.\
Each differentially expressed gene (FC≥1.5 or FC ≤−1.5, q≤0.05 using OCplus test from R package) was assigned to functional categories using Gene Ontology database. Genes from each category were counted and plotted on the graph. Vertical axis represents the number of differentially expressed genes and each column represents a GO category.](pone.0048091.g004){#pone-0048091-g004}

The analysis strongly suggests that syndecan-1 affects cell proliferation: from 783 proliferation related genes on the chip, 51 were downregulated and 74 were upregulated (gene set enrichment p\<0.001 by chi-square test, GraphPad, Prism). Within these, expression of 19 out of 150 growth factors (p = 0.048) and 14 out of 31 growth factor receptors (p\<0.001) was also significantly altered ([Table S4](#pone.0048091.s006){ref-type="supplementary-material"}). The regulation of TGFβ family members and their receptors showed a more complex pattern: 6 ligands and 4 receptors were downregulated while three others were upregulated. Expression of EGF and its receptors as well as members of the VEGF family were also enhanced. PDGFC was three times downregulated while its receptors (PDGFRA, PDGFRB and PDGFRL) were upregulated. In the FGF family, FGF18 was slightly downregulated, while out of the four FGF receptors expression of FGFR2 was more than 6 times enhanced.

Furthermore, 99 genes involved in cell cycle regulation were differentially expressed, the majority being downregulated, especially those which drive the G1/S phases (e.g. cyclin E and the cyclinD/CDK6 complex). Downstream from the growth factors, 7 MAPK, MAPKK and MAPKKK genes were upregulated and 4 were downregulated. Their effectors, two FOS genes, JunD, and MYC genes were also downregulated. In addition, the expression of a number of MAPK inhibitors and dual specificity phosphatases (DUSP6, 8 and 22) was affected. Two Janus kinases (JAK1 and JAK2) as well as signal transducers and activators of transcription (STAT2, STAT5A and STAT6) were enhanced. The differentially expressed genes and potential pathways responsive to syndecan-1 overexpression are summarized in [Figure 5](#pone-0048091-g005){ref-type="fig"}. Proliferation and/or cell cycle progression related pathways were incorporated in the figure based on the KEGG database. Relevance of the pathway was validated by network enrichment analysis. Individual genes in the pathway were significantly linked to differentially expressed lists (either FL2E or SI2NS) taken as groups, requiring at least 3 network links between a pathway gene and list members (NEA p-value\<0.05; FDR\<0.1). Few genes were enriched in network connections to SI2NS differentially expressed list: GRB2, IL8, JAK1, JAK2 and MAP3K3 and all of these were also linked to the FL2E list. The latter observation suggests feedback loops of both syndecan-1 overexpression (mostly through IL8, IL6, MAPK1, MAPK3, BMP2K, CCL2, STAT5A) and syndecan-1down-regulation (through FRYL, MAPK3, PRKAA1, WEE1).

![Schematic representation of genes and signaling pathways affected by syndecan-1 overexpression based on KEGG pathways.\
The figure summarizes the most important findings related to syndecan-1 overexpression. Green, red and gray boxes respectively show downregulated, upregulated and unaffected genes by syndecan-1 overexpression. Color intensity is proportional with fold change (FC): dark red and dark green correspond to a FC≥9, red and green correspond to a FC\<9 and FC≥2, light red and green correspond to a FC\<2 and FC≥1.5. Syndecan-1 acts on several growth-factor related pathways at multiple levels as illustrated by the TGF-beta pathway. The elements of JAK-STAT pathway are enhanced. The expression of growth factor receptors is mainly overexpressed. The MAPK cascade is perturbed at different points, receiving both direct and indirect signals, collectively leading to alterations of various transcription factors and cellular responses such as proliferation and cell-cycle regulation.](pone.0048091.g005){#pone-0048091-g005}

Syndecan-1 over-expression was followed by downregulation of extracellular small leucine reach repeat proteoglycans such as biglycan, epiphycan, decorin and lumican. Among the transmembrane and intracellular proteoglycans syndecan-2, serglycin and two members of glypican family were also differentially expressed ([Table S4](#pone.0048091.s006){ref-type="supplementary-material"}).

Enzymes involved in proteoglycan metabolism such as aggrecanase (ADAMTS5), membrane-associated matrix metalloproteases (MMP-15, -16 -24, ADAM-2, -15 and -23) and the tissue inhibitor of metalloproteinase 3 (TIMP-3) were significantly affected. Furthermore, expression of enzymes of importance for heparan sulfate fine structure was highly influenced: HS-2-O-sulfotransferase-1 was slightly upregulated, HS-6-O-sulfotransferase-1 was downregulated, SULF1, one of the genes responsible for the removal of 6-O-sulfate groups was in turn 52 fold downregulated, as well as other lysosomal sulfatases (ARSA, ARSJ and SGSH) ([Table S4](#pone.0048091.s006){ref-type="supplementary-material"}).

Cellular and Molecular Functions Influenced by Syndecan-1 According to Ingenuity Pathway Analysis (IPA) {#s3f}
-------------------------------------------------------------------------------------------------------

Cellular movement, cell death, cellular growth and proliferation, cellular signaling, development and cell cycle were among the most affected ([Figure 6A](#pone-0048091-g006){ref-type="fig"}). The same functions were also significantly affected when the 14 genes concordantly altered by both syndecan-1 overexpression and silencing were uploaded to IPA, although the level of significance was slightly different ([Figure 6B](#pone-0048091-g006){ref-type="fig"}).

![Most significantly altered cellular and molecular functions revealed by Ingenuity Pathway Analysis (IPA).\
(**A**) Functions significantly associated to syndecan-1 overexpression or silencing. Light gray bars show the gene set for syndecan-1 overexpression, dark gray bars show the gene set for syndecan-1 silencing. (**B**) Functions altered concomitantly by both overexpression and silencing. Molecules from both datasets that met the FC≥1.5 or FC≤−1.5 and q≤0.05 cutoff criteria were considered for the analysis. Right-tailed Fisher's exact test was used to calculate a p-value. Bars represent the logarithmic values of the significance level (p), the dashed line corresponds to the threshold of p = 0.05.](pone.0048091.g006){#pone-0048091-g006}

The most significant networks generated from these data comprised genes with functions in inflammatory responses, cancer, cellular growth and proliferation, cellular development and gene expression ([Figures S2 A and B](#pone.0048091.s002){ref-type="supplementary-material"}). We re-analysed the dataset with overexpressed syndecan-1 focusing on two functional categories "Cellular growth and proliferation" and "Cell cycle". The networks generated in this way tend to converge to TGFβ and EGFR ([Figure 7](#pone-0048091-g007){ref-type="fig"}). These networks supported our finding that modulation of syndecan-1 affects the process of cell proliferation and cell cycle at different levels comprising not only growth factors and cell surface receptors but also downstream kinases.

![Networks related to proliferation (A) and cell-cycle regulation (B) according to Ingenuity Pathway (IPA).\
Differentially expressed genes which by functional analysis were associated to (**A**) proliferation or (**B**) cell cycle analysis were uploaded into IPA. Genes were overlaid onto a global molecular network developed from information contained in the Ingenuity® Knowledge Base. The obtained networks were algorithmically generated based on the connectivity of differentially expressed genes. The networks also reveal the relationship between different genes and their subcellular distribution according to IPA score from published data. Red symbols denote upregulated genes and green symbols denote downregulated genes.](pone.0048091.g007){#pone-0048091-g007}

Five pathways were significantly altered by both syndecan-1 overexpression and silencing: two interleukin pathways (IL10 and IL6), the HGF pathway and the ERK5 and ERK/MAPK signaling pathways ([Figure 8](#pone-0048091-g008){ref-type="fig"}).

![Common pathways significantly affected by both syndecan-1 overexpression and silencing, revealed by Ingenuity Pathway (IPA).\
Canonical pathway analysis identified the pathways from the IPA library that were most significant to the data set. Molecules from the data set that met the cutoff of FC≥1.5 or FC≤−1.5 and q≤0.05 and were associated with a canonical pathway in the Ingenuity Knowledge Base were considered for the analysis. The significance of the association between the data set and the canonical pathway was measured by Fisher's exact test. Grey columns denote syndecan-1 overexpression and black columns denote syndecan-1 silencing. Bars represent the logarithmic values of the significance level (p), the dashed line represents the threshold of p = 0.05.](pone.0048091.g008){#pone-0048091-g008}

Network Enrichment Analysis Over Known Functional Gene Sets {#s3g}
-----------------------------------------------------------

Genes were ranked by significance of differential expression, with a cut-off at 100 or 900 genes (q-value \<0.05) ([Table S5](#pone.0048091.s007){ref-type="supplementary-material"}). The complete lists of differentially expressed genes with q-value\<0.05 contained in total 2,539 genes. Functional relations between these lists (AGS) and various functional categories (FGS) were analyzed. The distribution of q-values is shown in [Figure S1](#pone.0048091.s001){ref-type="supplementary-material"}.

From more than 1,600 pathways analyzed, 939 were significantly altered in syndecan-1 overexpressing cells and 234 in syndecan-1 silenced cells. This large number can be expected given the extent of transcriptome alterations in our experiments and the fact that many of the FGSs overlapped and/or were largely synonymous (e.g. BioCarta, KEGG, and Reactome versions of same pathways). We further describe our observations presenting pairs of different AGS and FGSs related to each other ([Table S5](#pone.0048091.s007){ref-type="supplementary-material"}).

The most enriched pathways in syndecan-1 overexpressing cells were those associated with focal adhesion, EGF-receptor and ECM-receptor interaction pathways, with a NEA Z-score around 30 (top 900 gene set). Syndecan-mediated signaling events, glypican-network and HGF, PDGF, MAPK-related pathways were also among the most enriched pathways. Silencing of syndecan-1 highly altered several cell-cycle related pathways along with several cancer-related functional gene sets.

The results further expanded the findings from GSEA and IPA analysis: many growth-factor, cytokine and cell cycle related pathways were altered following both syndecan-1 overexpression and silencing ([Figure 9A](#pone-0048091-g009){ref-type="fig"}). Cell-cycle pathways were enriched when syndecan-1 was silenced. Interestingly, many of the same pathways were depleted whereas the cdc42-related were enriched when syndecan-1 was overexpressed ([Figure 9B](#pone-0048091-g009){ref-type="fig"}). Using detailed sub-pathways, we could relate the changes to different phases of cell cycle, among which pathways regulating G1S and G2M checkpoints were the most altered. EGF, TGF, VEGF and PDGF pathways ([Figure 9C](#pone-0048091-g009){ref-type="fig"}) and several MAPK/ERK/JNK and JAK/STAT pathways were enriched both when syndecan-1 was overexpressed and silenced.

![Pathways influenced by both syndecan-1 overexpression and silencing, revealed by network enrichment (NEA) analysis.\
Altered KEGG pathways (**A**); pathways determining signaling and growth factor activity (**B**); pathways related to particular phases of the cell cycle (**C**). Diamonds represent differentially expressed genes (E2FL denotes cells transfected with full-length syndecan-1 vs. cells transfected with empty vector; NS2SI denotes cells silenced for syndecan-1vs scrambled control); circles represent pathways from different databases (FGS). Red lines denote enriched pathways, blue lines denote depleted pathways. Line width is proportional with the number of individual gene**-**gene network links between two gene sets (linear scales from *min* 7 to *max* 3,995). Line opacity represents confidence (FDR\<0.1 for every shown link). Numbers at lines correspond to Z-scores from network enrichment analysis of differentially expressed genes as groups versus genes of FGS as groups. The picture was generated using the stand-alone network software Cytoscape [@pone.0048091-Shannon1] using network edges and nodes from the custom NEA software.](pone.0048091.g009){#pone-0048091-g009}

Discussion {#s4}
==========

In order to interpret alterations generated by syndecan-1 in mesothelioma cells, we combined traditional strategies of gene expression analysis with a novel network enrichment analysis, which takes into account functional coupling in gene networks [@pone.0048091-Alexeyenko2], [@pone.0048091-Alexeyenko3].

Syndecan-1 overexpression profoundly affected a number of cytokines, growth factors and their receptors, extracellular matrix proteins, and genes regulating the sulfation pattern of heparan sulfate, hence altering many important signaling pathways. The observed pattern of differential expression could be coupled to functional categories by the Funcoup-based network [@pone.0048091-Alexeyenko2], which includes literature data of direct binding partners of syndecan-1 ([Figure 2](#pone-0048091-g002){ref-type="fig"}). Most members of this network lay downstream of syndecan-1 and can be directly or indirectly regulated by the proteoglycan itself. Interestingly, genes that encode interactors of syndecan-1 not yet shown to be under syndecan-1 control, were perturbed as well, which suggests feed-back loops in syndecan-1 signaling. Further associations were obtained with the network enrichment analysis that summarizes functional responses over hundreds of differentially expressed genes and multiple pathways.

Many important components of signaling pathways employ molecular mechanisms other than transcription regulation. As Network Enrichment Analysis (NEA) looks at differentially expressed (DE) genes and their network relations to any functional gene set (FGS) members, it could detect FGSs where only few members are regulated at the transcription level (such as pathways involving MAPKs), allowing us to look beyond experimentally detected transcriptome alterations. The employed data integration network combined most known functional relations between genes and proteins. It elucidated relations of DE genes to functional categories via e.g. peptide chain modification, protein phosphorylation, miRNA regulation etc. The functional coupling enabled us to observe links between DE genes and pathways that determine functional responses or regulatory loops. The IPA approach is more limited to transcriptome changes as it performs gene set enrichment analysis on smaller hypothetical network modules of DE genes rather than on the whole network. In addition, for FunCoup-based interaction network it was also possible to trace particular network links back to the source of evidence.

This broader systemic approach indicates that syndecan-1 plays a central role in most functions considered hallmarks of cancer, including adhesion, migration, proliferation, invasion, cell cycle regulation, cell death and angiogenesis. Since adhesion, motility and migration-related functions have been extensively studied [@pone.0048091-Zong2], [@pone.0048091-Katz1], [@pone.0048091-Vuoriluoto1], [@pone.0048091-Yang2], [@pone.0048091-Stepp1], in the present paper we focus on features related to tumor proliferation and growth.

Our previous study showed that syndecan-1 overexpression hampers proliferation in mesothelioma cells [@pone.0048091-Zong1]. Interestingly, in this cell line, silencing of the same proteoglycan had a similar effect. While the inhibition of cell growth was accompanied by a prolonged S phase due to syndecan-1 overexpression [@pone.0048091-Zong1], silencing showed accumulation of cells in G0/G1 phase with less cells in G2/M. Thus, we can presume that the mechanisms governing these effects might be different. The significant downregulation of cyclin E2 and cyclin D1-cdk4/6 complexes ([Figure 5](#pone-0048091-g005){ref-type="fig"}), key regulators of the G1 phase and G1/S transition, might partly explain the effects of syndecan-1 overexpression on proliferation. In parallel, cdk inhibitor p^21waf1/cip1^ was also inhibited. Interestingly, during overexpression of syndecan-1 many cell-cycle related pathways were depleted, i.e. the number of functional links between our dataset and the pathway in question was less than expected, whereas in silenced cells the same pathways were enriched comprising all phases of cell cycle ([Figure 9C](#pone-0048091-g009){ref-type="fig"}). The cdc42 related pathways were enriched regardless of the direction of syndecan-1 modulation, although the cdc42 gene itself was not differentially regulated.

The finding that both syndecan-1 overexpression and silencing suppressed proliferation may seem paradoxal. However, accumulating evidence suggest that syndecan-1 influences tumor growth and proliferation in a complex and tumor type specific manner [@pone.0048091-Zong1], [@pone.0048091-Maeda1], [@pone.0048091-Derksen1], [@pone.0048091-Mali1], [@pone.0048091-Sanderson1], [@pone.0048091-Anttonen1], [@pone.0048091-Lundin1]. In a recent study on HT1080 fibrosarcoma cell line syndecan-1 overexpression promoted proliferation along with the activation of genes driving the G1S transition [@pone.0048091-Peterfia1], whereas in B6FS fibrosarcoma cell line the opposite effect was found [@pone.0048091-Zong1]. The effect of syndecan-1 may partly depend on its endogenous level in the specific cell type studied as well as the ratio between membrane bound and shed syndecan, competing for ligand binding as shown in a breast cancer cell line, where overexpression of wild type syndecan-1 increased proliferation, but overexpression of constitutively shed syndecan-1 inhibited it [@pone.0048091-Nikolova1]. The current study suggests that syndecan-1 is important in maintaining a delicate balance, regulating cell proliferation. Even a small perturbation of this balance may be followed by major changes in the behavior of cells. It is possible that an optimal concentration of syndecan-1 is necessary to induce some pathways while altered levels will be detrimental. Such a "bell-shaped" dose-response curve with a maximal response at a narrow concentration range is a pattern commonly found in heparan sulfate- or growth factor-mediated signaling [@pone.0048091-Rubin1], [@pone.0048091-Zhu1], [@pone.0048091-Schwall1], [@pone.0048091-Rek1].

Modulation of syndecan-1 expression significantly enriched the cytokine-cytokine receptor interaction pathway and pathways where ILs were involved. In line with this, a group of pro-inflammatory ILs was highly upregulated due to syndecan-1 overexpression even though the baseline level was almost undetectable. Proliferation largely depends on growth factors and cytokines [@pone.0048091-Vetvicka1], [@pone.0048091-Evans1], [@pone.0048091-Eiro1] and there is a delicate interplay between these two. Interestingly, some of the interleukins regulated by syndecan-1 in our study, such as IL8 acts also as an autocrine growth factor [@pone.0048091-Galffy1] whereas IL6 induces expression of VEGF in malignant mesothelioma [@pone.0048091-Adachi1]. Heparan sulfate can also initiate an inflammatory process through sequestration of cytokines in ECM [@pone.0048091-Gill1]. By binding cytokines and presenting them to their receptors, syndecans regulate cytokine responses and thereby control inflammatory responses and cell proliferation [@pone.0048091-Gotte1], [@pone.0048091-Gotte2].

Growth factor receptors require syndecans as co-receptors for signaling (for review see [@pone.0048091-Carey1]). In mesothelioma cells syndecan-1 influenced major growth factor pathways and many of these pathways were altered at multiple levels. Syndecan-1 overexpression was followed by downregulation of PDGF and FGF family members, while their receptors were upregulated. Simultaneously expression of both EGF and EGFR was enhanced. This is particularly interesting in the light of our previous report [@pone.0048091-Dobra2] where exposure of mesothelioma cells to EGF and IGF-1 inhibited expression of syndecan-1 and **-**2. Although HGF was not affected itself, we observed that both syndecan-1 silencing and overexpression significantly altered the HGF signaling pathway. This is in line with previous data showing that syndecan-1 strongly promotes HGF-induced signaling through MET, the tyrosine-kinase receptor for HGF, resulting in enhanced activation of signaling pathways involved in the control of cell proliferation and survival [@pone.0048091-Derksen2]. Our data suggest that these effects are not limited to cell-surface receptors but also influence their downstream effectors. Thus, modulation of growth factors and growth factor receptors was accompanied by a deregulation of ERK/MAPK, JNK and p38/MAPK pathways. Several elements of the kinase cascade were apparently contra regulated, and downstream of these, transcription factors like MYC, FOS, JNK and JUN were all downregulated. Interestingly, ETS-1 was upregulated due to syndecan-1 overexpression and inhibited due to syndecan-1 silencing. ETS-1 is a proto-oncogene which correlates to the prognosis in several tumors [@pone.0048091-Kars1], [@pone.0048091-Takai1], [@pone.0048091-Takai2], [@pone.0048091-Pap1]. It might be an important target of syndecan-1, connecting the different findings in our study, since it is known that ETS protein stimulates TGFβR promoter activity [@pone.0048091-Kopp1], regulates several cytokines, chemokines [@pone.0048091-Russell1], MMPs [@pone.0048091-Kumar1], [@pone.0048091-Ghosh1] and has a role in cell cycle regulation [@pone.0048091-Singh1], [@pone.0048091-Meng1].

Both TGFβ and TGFβR1 were highly downregulated upon syndecan-1 overexpression, while the downstream Smad3 was upregulated. Recently it was found that syndecan-1 can increase the level of phosphorylated Smad2 after TGFβ stimulation [@pone.0048091-Schellings1]. TGFβ induction initially hampers the proliferation of epithelial cancer and induces apoptosis. However, tumorigenesis may alter TGFβ signaling pathway to convert TGFβ from a tumor suppressor to a promoter of cell growth, invasion and metastasis and can have a role in enabling cancer cells to acquire epithelial-mesenchymal transition (EMT) [@pone.0048091-Tian1]. TGFβ may enhance the growth of mesenchymal tumors and the reduction of TGFβ level in mesothelioma cells results in inhibition of tumor growth both *in vitro* and *in vivo* [@pone.0048091-Marzo1], [@pone.0048091-Suzuki1]. On the other hand, when given to mesothelioma cells, TGFβ2 delayed the nuclear transport of syndecan-1 in parallel with an antiproliferative effect [@pone.0048091-Dobra2]. It has also been shown that syndecan-1 can function as a negative regulator of TGFβ signaling [@pone.0048091-Stepp2], which is in line with our present results. In our experimental settings downregulation of TGFβ in response to syndecan-1 overexpression is associated with an inhibition of proliferation. These data suggest that syndecan-1 is a powerful suppressor of the TGFβ mediated signaling, which warrants further investigations.

Literature data also suggest a connection between sulfatase 1 (SULF1) and TGFβ, SULF1 being a TGFβ responsive gene [@pone.0048091-Yue1], [@pone.0048091-Yang3]. In our dataset both TGFβ and SULF1 were highly downregulated as a result of syndecan-1 overexpression. SULF1 is one of the two enzymes responsible for the selective removal of the 6-O-sulfate groups from heparan sulfate chains Other enzymes responsible for heparan sulfate chain synthesis and sulfation were moderately altered ([Table S4](#pone.0048091.s006){ref-type="supplementary-material"}). Since the growth factor binding affinity of syndecan-1depends on the fine structure and particularly the sulfation of the heparan sulfate chains, downregulation of SULF1 might be one way by which syndecan-1 regulates cell growth, by modulating its own growth factor binding properties [@pone.0048091-Kato1]. SULF1 has a dual role in enhancing or inhibiting different growth factor signaling pathways, thereby contributing to the modulation of proliferation. In accordance with the requirement of sulfated heparan sulfate chains for growth factor-growth factor receptor binding, SULF1 inhibits the activity of FGF [@pone.0048091-Wang1], [@pone.0048091-Guimond1], [@pone.0048091-Sugaya1] and also attenuates the activation of HB-EGF [@pone.0048091-Lai1] and both ERK-MAP kinases and HGF mediated AKT signaling [@pone.0048091-Lai2], [@pone.0048091-Lai3]. SULF1 is on the other hand a known promoter of WNT signaling [@pone.0048091-Dhoot1], [@pone.0048091-Ai1] and there are evidences that it also activates other pathways, like BMP/Noggin signaling [@pone.0048091-Viviano1].

Previously it was assumed that SULF1 has a tumor suppressor role, and it is downregulated in many tumor types [@pone.0048091-Bret1], [@pone.0048091-Dai1]. However, in malignant mesothelioma and a wide range of other tumors [@pone.0048091-Bret1] SULF1 is clearly overexpressed [@pone.0048091-Rosen1]. High SULF1 expression was associated with poor prognosis in adenocarcinoma [@pone.0048091-Bhattacharjee1], and silencing of this enzyme inhibited proliferation of pancreatic cancer cells [@pone.0048091-Nawroth1]. It was suggested that cancers driven by WNT-1 signaling would likely be enhanced by SULF1, whereas others, where FGF2 or HGF signaling is the more significant driving mechanism, are inhibited [@pone.0048091-Dai1], [@pone.0048091-Nawroth1]. Our findings seem to fit in this hypothesis: in mesothelioma cells the massive downregulation of SULF1 correlates with a growth inhibition. We can hypothesize that in our experimental settings SULF1 downregulation can contribute to inhibition of proliferation, given the fact that the level of SULF1 was found elevated in this tumor compared to the normal mesothelium and there are evidences that Wnt pathway is also altered [@pone.0048091-He1], [@pone.0048091-Lee3], [@pone.0048091-Fox1]. SULF1 can possibly also modulate many of the syndecan-1 related effects seen in our study, where a 3 fold overexpression of syndecan-1 was followed by massive deregulation of a high number of genes. This is the first report showing that syndecan-1 regulates the expression of SULF1, however, the functional significance of these findings necessitates further investigations.

Syndecan-1 overexpression also affects the expression of structurally related molecules such as other proteoglycans. Syndecan-2 was downregulated, which is in line with our previous report where overexpression of syndecan-1 leads to a changed syndecan profile [@pone.0048091-Zong1]. Furthermore, recent evidence also suggests that there is a cooperativity between these two syndecans [@pone.0048091-Peterfia1]. Upregulation of glypican-3 upon syndecan-1 overexpression may contribute to the negative effects seen on proliferation and shown to be proapoptotic in both breast cancer and mesothelioma cell lines [@pone.0048091-Gonzalez1]. Syndecan-1 driven upregulation of serglycin (the only constitutively intracellular proteoglycan) in mesothelioma cells can be an important new finding for cancer cell biology, as there are only a few reports linking serglycin to tumors, mostly to multiple myeloma [@pone.0048091-Theocharis1] and nasopharyngeal carcinoma cells [@pone.0048091-Li1]. The sulfation pattern seems to be important for this proteoglycan in its role in cancer and the perturbations of the enzymes responsible for GAG sulfation may act also at this level. Serglycin is also involved in retention of proteases [@pone.0048091-Henningsson1]. The ectodomain of syndecan-1 is released by the action of proteolytic cleavage, including mainly metalloproteases. Tissue inhibitor of metalloproteinase TIMP-3 has been shown to effectively block shedding of syndecan-1 and -4 [@pone.0048091-Fitzgerald1], and it binds to sulfated GAGs, enabling interaction with the syndecans as well as with matrix proteoglycans [@pone.0048091-Yu1], [@pone.0048091-Leco1], [@pone.0048091-Nagase1]. Here we show that TIMP-3 can be in turn downregulated by syndecan-1. These results indicate that syndecan-1 modulation also may interfere with syndecan-1 shedding, a conclusion supported by a very recent concomitant study [@pone.0048091-Ramani1]. Thus syndecan-1 can affect the growth-factor gradient and thereby the availability of mitogens in the neighborhood of the cells.

Comparison with other array based screenings on cells with altered syndecan-1 expression, reveals potentially interesting downstream targets of syndecan-1 comprising cell cycle regulators, cdc42, MAPK, p21 [@pone.0048091-Nikolova1], [@pone.0048091-Ibrahim1] and ETS-1 [@pone.0048091-Peterfia1]. Concordant changes between different cell types are however limited and the overall changes are dissimilar, suggesting context- or cell-type specific effects of syndecan-1.

Evaluation of syndecan-1 modulation at these different levels of complexity (GSEA, IPA and NEA) complement each other, giving a complex view on how syndecan-1 orchestrates different growth factors, converging at downstream pathways. The multitude of biological processes thus influenced motivates the designation of syndecan-1 as "tuner of transmembrane signaling" [@pone.0048091-Zimmermann1].

To our knowledge, this is the first report elucidating the various molecular mechanisms regulated by syndecan-1 on a systemic level. One limitation of this study is that we used only one cell line, which is sufficient for the construction of a general model for syndecan-1 dependent pathways, but the general applicability of these pathways warrants subsequent studies. We identified key components and pathways directly or indirectly affected by syndecan-1 by combining functional assays with advanced bioinformatics. The observed deregulations include both increased and decreased expression of genes, having either stimulatory or inhibitory effects but ultimately leading to hampered proliferation. To address the individual contribution of the altered pathways, further functional studies are ongoing in our laboratory. A better understanding of the complex role of syndecan-1 and its molecular interactions in malignant mesothelioma may provide future possibilities to control tumor growth and proliferation.
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###### 

**Distributions of false discovery rates (q) after differential expression analysis using paired t-test (R package OCplus**). Legends at each plot denote comparison of sample and respective control and the total number of microarray probes that passed the criterion q≤0.05. Full-length represents genes from cells transfected with full-length syndecan-1 (i.e. -syndecan-1 overexpressed), empty vector represents genes from cells transfected with empty vector (control construct for overexpressed syndecan-1), siRNA corresponds to genes from cells with silenced syndecan-1, negative-scrambled corresponds to cells transfected with scrambled control construct for silenced cells.

(TIF)

###### 

Click here for additional data file.

###### 

**The most significant networks generated using IPA analysis.** Networks were generated from genes altered by syndecan-1 overexpression (A) and silencing (B). The data set contains gene identifiers and corresponding expression values uploaded into the IPA application. A *q* cutoff of \<0.05 was set to identify molecules whose expression was significantly differentially regulated. These molecules were overlaid onto a global molecular network in the Ingenuity Knowledge Base. Networks were then algorithmically generated based on their connectivity. Molecules are represented as nodes, and the biological relationship between two nodes is represented as an edge (line). All edges are supported by at least one reference from the literature, or from canonical information stored in the Ingenuity Knowledge Base. The intensity of the node color indicates the degree of up- (red) or downregulation (green). Nodes are displayed using various shapes that represent the functional class of the gene product. Edges are displayed with various labels that describe the nature of the relationship between the nodes. The associated functions correspond to Gene Expression, Inflammatory responses, Cancer for overexpression and Cellular development, Cell Growth and Proliferation, Gene Expression were associated to syndecan-1 silencing. For the graphical presentation the network analysis included the direct relationships only.

(TIF)

###### 

Click here for additional data file.

###### 

**siRNA construct sequences used.**

(DOCX)

###### 

Click here for additional data file.

###### 

**Primer sequences used for RT-PCR validation of differentially expressed genes and syndecan-1.**

(DOCX)

###### 

Click here for additional data file.

###### 

**The rate of apoptotic cells in the syndecan-1 silenced cells compared to the scrambled siRNA control.** Apoptosis was measured by flow cytometry using Annexin-V-FITC and Propidium iodide (PI) staining, 24 and 48 hours after syndecan-1 silencing. The results are mean of three independent experiments ±SD. No significant changes were recorded in the rate of apoptotic cells.

(DOCX)

###### 

Click here for additional data file.

###### 

**Selected functional categories affected by syndecan-1 overexpression.** Genes are grouped by using GO terms. FC = fold changes, all differences correspond to q≤0.05.

(DOCX)

###### 

Click here for additional data file.

###### 

**Pairs of Altered Gene Sets (AGS) and Functional Gene Sets (FGS) according to their Z scores.** FL2E corresponds to a list of genes from the comparison of cells transfected with full-length syndecan-1 vs. cells transfected with empty vector; SI2NS corresponds to list of genes from the comparison of cells silenced for syndecan-1 vs scrambled control. Top 100 and 900 genes are listed in terms of q values. AGS represents lists of top 100 or 900 most significantly altered genes from the syndecan-1 modulated gene-set. FGS corresponds to the list of functional gene sets (pathways or GO categories) used for network enrichment analysis. SD: standard deviation; the standard Z-score was calculated based on the observed and expected link counts and their standard deviation, as described in materials and methods.

(XLSX)

###### 

Click here for additional data file.
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